I. INTRODUCTION
The study of gold nanostructures has attracted significant attention for their intriguing surface plasmon resonance (SPR) property. Owing to the broad range of applications of these nanostructures in many areas such as photocrystals, plasmonic, waveguides, chemical or biological sensors, optical filters, and optical triggered drug delivery, 1-4 various gold nanostructures such as nanorods, nanostars, nanoprisms, nanowires, and hollow nanoshells were fabricated leading to different and highly sensitive SPR features. Particularly, nanostructures with hollow interiors have been extensively studied for their fascinating SPR features and applications in microencapsulation. It has been shown in literatures that it is the small hollow interior that endows hollow gold nanostructures with advantages in many areas including catalysis, drug delivery, and protection of environmentally sensitive biological species. [5] [6] [7] [8] [9] [10] In preparing composites, hollow nanostructures are used as fillers and offer advantages over their solid counterparts in terms of lighter weight, saving of materials, and reduction of cost. 11 In catalysis, hollow gold nanostructures are shown to have enhanced catalytic properties which are attributed to the nanocage effect. More specifically, when confining the reactants inside the hollow interiors, those inner crystalline facets show a superior catalytic activity. 12 In addition, hollow nanostructures have been widely applied in therapy and diagnosis due to the plasmonic response and negligible toxicity. In therapy, they can be used for cancer treatment and cause selective cellular death as a consequence of transition between the absorbed nearinfrared (NIR) light and the heat. Besides, they can have triggered and controlled release of therapeutic molecules for drug and gene delivery. [13] [14] [15] In diagnosis, hollow nanostructures are used as contrast agents in photoacoustic imaging, 16 as well as biosensors and thermal tags in multiphoton microscopy. [17] [18] [19] [20] Kirkendall effect and Ostwald ripening are the most common mechanism for the synthesis of hollow nanoparticles by morphology modification. The Kirkendall effect describes the motion of the boundary layer between two metals that occurs as a consequence of the difference in diffusion rates of the metal atoms. Based on this classical phenomenon in metallurgy, a method has been developed in a hollow nanoparticles' fabrication. 21 However, this protocol is only suitable for some special metals and compounds pairs. 22 Besides, nanostructures should be prepared under a high temperature to accelerate the Kirkendall effect which can hardly occur in room temperature. In contrast, the Ostwald ripening is more widely applied in the preparation of hollow nanostructures, especially for noble metals. Because the reduction potential of AuCl sacrificial templates such as Ag or Co nanoparticles. Xia and co-workers 23 have reported the synthesis of HGNSs using the Ostwald ripening effect and Ag was used as the sacrificial metal.
It has been widely accepted that the surface enhanced Raman scattering (SERS) enhancement (EM) effect is attributed to the chemical enhancement (CE) [24] [25] [26] and electromagnetic field enhancement (EM) [27] [28] [29] which makes the major contribution to SERS signals in most SERS systems. Many literatures have shown that spherical nanoparticles have weaker enhancement of the local electric near field around the surface of the particles compared to those which have sharp tips. [30] [31] [32] [33] For the application of chemical and biological sensing, many kinds of nanoparticles with sharp tips such as triangular nanoplates, nanostars, crescent-shaped and Cshaped nanoparticles, therefore, have been fabricated. [34] [35] [36] Among these new types of nanoparticles, crescent-shaped gold nanoparticles and C-shaped gold nanoparticles have particular advantages because of their special morphology. It has been demonstrated that particle plasmon mode, tip-tip plasmonic coupling, and tip-cavity plasmonic coupling are the main contributors to the great local field of crescentshaped nanoparticles and C-shaped nanoparticles. 37, 38 Although crescent-shaped nanoparticles and C-shaped nanoparticles have so many advantages, they are generally fabricated using lithography which is expensive and slow.
The paper herein describes a facile modification of nanostructures and shows the transition from HGNSs to Cshaped gold nanoparticles using H 2 O 2 as the oxidizing agent. It has been proved that H 2 O 2 has enhanced oxidation under acidic conditions compared to alkaline conditions. Therefore, the oxidation process under different pH values has been investigated. We demonstrated that the oxidation of HGNSs resulted in reaction products in different shapes at different pH values and the morphologies of reaction products have been uncovered by transmission electron microscopy (TEM) images. These reaction products are HGNSs, HGNSs with hole, gold nanorings, and C-shaped gold nanoparticles. Besides, the SERS activity of rhodamine 6G (R6G) absorbed on these nanostructures has been evaluated, and we demonstrated that the C-shaped gold nanoparticles have the largest SERS activity. The experimental results were further confirmed by discrete-dipole approximation (DDA) calculations. 
B. Preparation of Ag nanospheres (Ag NPs)
Ag nanospheres (Ag NPs) were synthesized by employing a kinetically controlled seeded-growth approach via the reduction of silver nitrate with the combination of sodium citrate and tannic acid, used as reducing agents. 39 First, AgNO 3 (1.32 mM, 100 ml) solution was prepared. Another 25 ml aqueous solution was prepared containing 0.0625 mg tannic acid and 0.09 g sodium citrate. Both mixtures were heated to 60 C before being combined under vigorous stirring. The solution turned from transparent color to light brown immediately. After being kept at 60 C for 5 min, the solution was brought to boil for 20 min and then left to cool. Finally, the solution became dark brown with some green.
C. Preparation of HGNSs with different shell thicknesses
Ag colloid solution was prepared following the abovedescribed protocol. The resultant solution was centrifuged twice (19 000 rpm, 10 min) and redispersed into CTAB solution (100 ml, 0.1 M). After that, the Ag NPs solution became dark yellow. HGNSs were synthesized using Ag NPs as sacrificial templates through a galvanic replacement reaction. First, 5 ml as-prepared CTAB coated Ag colloids solution was diluted in 30 ml DI water and the solution became lighter. Then the solution was heated for 15 min. After boiling had commenced, Au chloride solution (1000 ll, 1 mM) was dropped into the solution slowly. The solution changed from light yellow to brown quickly. As the volume of Au chloride solution was increasing, the solution became purple and finally became dark blue indicating the formation of HGNS. The shell thickness of these HGNSs is about 14 nm. As shell thickness of HGNSs was controlled by the volume of Au chloride solution. HGNSs with shell thickness of about 5 nm could be obtained with 1400 ll Au chloride solution added in the reaction solution.
D. Oxidation products of HGNSs under different pH values
By employing the above-described protocol, 20 ml HGNSs solution with a shell thickness of 14 nm was prepared. Then the solution was equally divided into four parts, and each was added into a sample bottle. To get reaction products of HGNSs at different pH values (3.98, 2.05, 1.81, and 1.68), H 2 O 2 (1%, 200 ll) was added in each sample bottle, respectively, and pH values were controlled by HCl (1%). After vigorous handshake, each bottle was hold at room temperature for 60 min. Finally, oxidation products of HGNSs colloid solution under different pH values were prepared. As expected, the oxidation products were HGNSs, HGNSs with hole, gold nanorings, and C-shaped gold nanoparticles, respectively. Similarly, oxidation products of HGNSs with a shell thickness of 5 nm were prepared by employing HGNSs with the corresponding shell thickness using the procedure as described above.
E. Preparation of R6G-absorbed gold nanoparticles
Glass slides were washed with a piranha solution, rinsed with absolute ethyl alcohol and DI water and extensively dried by N 2 flow. Then the oxidation products of HGNSs under different pH values were added into four centrifuge tubes, respectively. After centrifugation (10 000 rpm, 25 C) for 15 min, the supernatants of each sample were removed. At last, the remaining of each sample was slowly dropped on glass slide. After the droplet of each sample on glass slides had dried up, a volume of 30 ll R6G (10 À7 M) was slowly dropped on each sample. Then, the SERS samples of R6G-absorbed on gold nanoparticles were prepared.
F. Characterization
The Raman spectra were collected in a back scattering geometry through a 10Â (NA ¼ 0.25) objective HORIBA JOBIN YVON Raman spectrometer (HORIBA, France). The wavelength of laser excitation was 633 nm. The integration time was 2 s, and the radius of the laser spot was about 3 lm. The laser power focused on samples was 5 mW. Absorption spectra were measured by a UV-3600UV-VIS-NIR spectrophotometer (Shimadzu, Japan). TEM images of all gold nanoparticles were taken with a JEM-200CX instrument (JEOL, Japan).
III. RESULTS AND DISCUSSION
A. Absorption spectra and TEM images of HGNS HGNSs were synthesized by sacrificial galvanic replacement of silver nanoparticles according to the method reported by Xia and co-workers with some modifications. 23 The synthetic processes are shown as below. First, as Au 3þ reduces onto the silver nanoparticles, three times as much Ag(s) as Au 3þ is oxidized. Due to the galvanic replacement between Au 3þ and Ag(s), a thin Au/Ag shell is formed on the surface of Ag templates, according to Equation (1). Second, as an Au/Ag alloy is more thermodynamically stable than either of the pure metals, 40 Ag(s) in the interior of HGNSs should be run out prior to the sealing of all openings. Third, with enough Au 3þ , Ag(s) in the Au/Ag alloy shell is eventually replaced by Au(s), and all openings in the incomplete shell should be closed to form seamless shells according to the Ostwald ripening and the surfaces of these hollow structures are smoothened 41 3AgðsÞ þ AuCl 
As shown in the above equation, based on stoichiometric relationship, the shell thickness of HGNSs is one tenth of the radius of the corresponding Ag NPs. 42 This equation indicates that HGNS is more materials-saving compared to its solid counterpart of the same size. Although PVP is generally used as the surfactant in the protocol of synthesizing HGNSs, 40 according to our experiments, this surfactant can hardly stabilize the solution of Au and Ag particles with size bigger than 40 nm in diameter at boiling temperature. Hence, after purified twice by centrifugation at 19 000 rpm for 10 min, Ag NPs should be redispersed in CTAB instead of PVP. Therefore, if HGNSs with large size are to be prepared, the use of CTAB as surfactant is recommended.
In order to investigate the oxidation reaction of HGNSs with different shell thicknesses, HGNSs with two typical shell thicknesses (14 nm, 5 nm) were prepared. As shown in Fig. 1(a) , during the preparation of HGNSs, Ag NPs with diameter about 54 nm were employed as sacrificial templates and the absorption peak was at 423 nm after centrifugation. According to Section II C, by adding different volumes of HAuCl 4 into Ag NPs, HGNSs with different shell thicknesses were prepared. Furthermore, the resulted HGNSs solution is diluted to keep the same absorption intensity to compare SERS activity of the R6G-absorbed on reaction products of HGNSs in the next steps. Fig. 1(b) shows the absorption spectra of HGNSs with different shell thicknesses without centrifugation. As the volume of HAuCl 4 solution added in the reaction solution is increased from 1000 to 1400 ll, the absorption peak red shifts from 644 to 742 nm. This result indicates that the shell thickness of HGNS is decreased with an increasing volume of HAuCl 4 . Fig. 2(a) , only a part of Ag(s) was oxidized which can be demonstrated by the partially dark black interior of HGNSs. As the volume of HAuCl 4 was increased from 1000 to 1400 ll, Ag(s) in the interior of HGNSs was entirely run out which can be demonstrated by the lighter color of the inner part of HGNSs, as shown in Fig. 2(b) . According to Equation (1), one molar volume of Au 3þ can reduce three molar volume of Ag(s). The absorption spectrum in Fig. 1(a) has been normalized against plasmon peak maxima in Fig. 1(b) .
Therefore, Fig. 2 indicates that HGNSs with thinner shell can be prepared using an increasing volume of HAuCl 4 . Besides, HGNSs with thinner shell thickness have larger redshifts according to Fig. 1(b) .
B. Oxidation reactions of HGNS under different pH values
Generally speaking, anisotropic nanoparticles with sharp tips have better SERS activity compared to spherical ones. Hence, fabrication of metallic nanoparticles with pointed features such as triangles, stars, and crescent-like nanoparticles has been paid much attention. Although the intraparticles coupling between the inner surface and the outer surface can enhance the SERS activity, HGNSs do not have particular advantages on SERS activity. In order to improve the SERS activity of metallic nanoparticles, many methods have been developed such as self-assembly, morphology modification, etc. 44 Among these methods, morphology modification is an effective method to change SERS activity of metallic nanoparticles.
H 2 O 2 is a strong oxidant under acidic conditions, and the reaction rate increases with lowering of PH value. 45 In our experiments, HCl is used to control the pH in the reaction system. Besides, both Cl À provided by HCl and Br À provided by CTAB can accelerate the oxidation reaction of HGNSs. The importance of Br À in the oxidation reaction is manifested by the significant deceleration of reaction rate after removal of Br À from the system by centrifugation. So we conclude that Br À plays a major role. To study the oxidation reaction of HGNSs with different shell thicknesses, HGNSs with shell thicknesses of 14 and 5 nm were used. Figs. 3(a)  and 3(b) show the absorption spectra of the reaction products of HGNSs with shell thicknesses of about 14 and 5 nm, respectively. The absorption spectrum of each reaction product of HGNSs was recorded before centrifugation. On one hand, with the same shell thickness, the absorption peak of the reaction products red shifts when the pH is decreased. As the oxidation reaction rate increases at lower pH value, more Ag(s) and Au(s) are consumed and the shell of HGNSs becomes thinner during the same reaction time, which is shown by the redshift of absorption spectrum. On the other hand, for HGNSs with thinner shell, as Ag(s) is essentially oxidized, the decrease in volume is less remarkable. Therefore, the decrease of the absorption peak intensity and the redshift of the absorption peak indicate the shape transition of HGNSs with thinner shell. As to HGNSs with thicker shell, more Ag(s) is in the interior and Ag is easier to be oxidized by H 2 O 2 than Au according to the reduction potential of Ag þ /Ag vs SHE and Au 3þ /Au vs SHE. Therefore, more Ag(s) in HGNSs with larger shell thickness should be oxidized during the same reaction time, and the decrease in volume of HGNSs with thicker shell is more significant compared to HGNSs with thinner shell. This can also explain why the reaction products of HGNSs with thicker shell have larger redshift at the same pH value during the same reaction time.
C. The influence of pH value on the reaction products of HGNSs
Influence of pH value on shape transition of HGNSs is reflected by the redshift and intensity decrease of the absorption peak. Therefore, to further visualize the shape transition, HGNSs with shell thickness of about 5 nm were oxidized under different pH and imaged by TEM. HGNSs (20 ml) with a shell thickness of about 5 nm are prepared, and the resultant solution is divided into four parts and dropped into four sample bottles. The pH value of each sample solution is controlled by the volume of HCl (1%) and H 2 O 2 (1%, 400 ll) is added in each sample bottle. More specifically, equal volumes of HGNSs (20 ml) with a shell thickness of about 5 nm were added into four bottles, followed by the addition of different volumes of HCl (1%) and (1%, 400 ll) to control the pH. Then each sample bottle is held at room temperature for 60 min and purified by centrifugation for further characterization by TEM (Fig. 4) . We can see that the shape of the reaction products of HGNSs at the pH value 3.98 is seamless as shown in Fig. 4(a) . If the pH value of the reaction solution decreased to 2.05, as shown in Fig. 4(b) , HGNSs are reshaped to HGNSs with hole as a consequence of several factors. On one hand, Ag(s) presented in the Au/Ag alloy surface of HGNS is oxidized with the decreasing pH value. On the other hand, transition between HGNSs and HGNSs with hole indicates that the oxidization reaction is initiated locally at high-energy site such as surface step, point defect, and hole. 46, 47 As Au at the highenergy site will be oxidized at first, then one or more holes arise around the HGNSs as shown in Fig. 4(b) . Besides, theoretically for HGNSs with hole, intra-particle plasmonic coupling is around the openings, leading to intense local electric field around them. Because the oxidizing reaction intends to initiated at the high-energy site (i.e., the hole), the hole grows larger and results in the reshaping of HGNSs with hole to gold nanorings when pH value is decreased to 1.81 as shown in Fig. 4(c) . 47 Since the shell of HGNSs is hardly uniform, if the pH value is decreased to 1.68, gold nanorings will be damaged at the most thin part and C-shaped gold nanoparticles are formed as shown in Fig. 4(d) . Therefore, during the oxidization reaction of HGNSs at different pH values, HGNSs with hole, gold nanorings, and C-shaped gold nanoparticles are produced. Compared to gold nanodisks, gold nanorings have significantly larger sensitivity and can be used for application as ultrasensitive biosensors. 48 In addition, C-shaped have larger sensitivity compared to gold nanorings and are prepared using wet chemistry which is cheap and facile compared to the traditional lithographic technology.
D. SERS activity of R6G-absorbed on reaction products of HGNSs
As shown in Fig. 3 , reaction products of HGNSs at different pH values have different SPR features. These results are attributed to different collective oscillation of the conduction band electrons originating from different shapes, which can also lead to different local electric field enhancement of the nanoparticles. Generally, SPR induced local electric field enhancement is classified as electromagnetic field enhancement which is the main contribution of SERS signals in the most SERS system. 49 Therefore, reaction products of HGNSs at different pH values must have different SERS activity. To compare the SERS activity of different reaction products, HGNSs with shell thicknesses of 5 and 14 nm are used and oxidized by H 2 O 2 under acidic conditions at different pH values. Then, the reaction products are cleaned according to the above-described method and further evaluated by using R6G as an active probe with a laser line of 633 nm. As SERS spectra show the characteristic SERS band of object molecules, each SERS band denotes one kind of vibrational, rotational, or other low-frequency mode for the object molecules. Raman spectroscopy is commonly used in chemistry to provide a fingerprint by which molecules can be identified. For R6G, the SERS band at 613 cm À1 is assigned to the C-C-C ring in-plane vibrational mode, the band at 1312 cm À1 is assigned to the N-H in-bend mode, the band at 1362 cm À1 and 1510 cm À1 are assigned to C-C stretching modes. 50 The SERS spectra of R6G-absorbed on reaction products at different pH values are shown in Figs. 5(a) and 5(b). To guarantee the reliability of each Raman spectrum, 3 substrates were prepared for each kind of nanoparticle and 10 Raman spectra were obtained for each substrate. Therefore, the Raman spectra of each kind of nanoparticle shown in Fig. 5 were drawn using the average value of data from 30 Raman spectra. To compare the SERS activity of different reaction products, the intensities of SERS band at 613 cm À1 and 1362 cm À1 are chosen to compare the SERS activity of reaction products of HGNSs, as shown in Figs. 5(c) and 5(d). On one hand, pH value can affect the SERS activity of reaction products. For R6G-absorbed on reaction products of HGNSs of the same shell thickness, SERS activity is larger at lower pH value. On the other hand, the shell thickness also affects the SERS activity of reaction products. For R6G-absorbed on reaction products of HGNSs at the same pH value, the SERS activity is larger with smaller shell thickness. As shown in Fig. 3 the intensity of the absorption is lower and the full width at half maximum (FWHM) is larger, we demonstrate that Cshaped gold nanoparticles have the larger SERS activity compared to HGNSs according to our experiments. Several reasons can be found to explain this phenomenon. On one hand, as reported by Le et al., 51 there has been a resurgence of interest in a new type of surface-enhanced spectroscopies (SES), surface enhanced infra-red absorption (SEIRA). The SEIRA is characterized by absorption spectra at near infrared absorption (NIR) or middle infra-red (MIR), therefore, the absorption spectra display a large FWHM. The absorption spectra of HGNSs with hole, gold nanorings, especially C-shaped gold nanoparticles agree with this phenomenon. On the other hand, the lightening rod effect in C-shaped gold nanoparticles also plays an important role in the SERS. 52 Because of the great surface curvature, the surface charges and local electric fields have been enhanced and concentrated near the tips of the C-shaped gold nanoparticles. Compared to resonant excitation of plasmon, the morphology of gold nanoparticles is more important in determining the SERS activity that explains why nanoparticles with sharp tips and plasmon hybridization have attracted much attention in recent years. In addition, C-shaped gold nanoparticles have abundant plasmon modes such as plasmon resonance between the outer surface and the inner surface, plasmon resonance between tip and cavity, and plasmon resonance between tip and tip. Due to all these factors, larger SERS activity can be found for HGNSs with hole, gold nanorings, and especially Cshaped gold nanoparticles.
E. Theoretical modeling and calculations
The reaction products of HGNSs at different pH values can be classified as four different shapes, i.e., HGNSs, HGNSs with hole, gold nanorings, and C-shaped gold nanoparticles, as shown in Fig. 6(a) . To figure out the mechanism of shape transition and the change of SERS activity of different gold nanoparticles, a calculation model including these four shapes was proposed as shown in Fig. 6(b) . In addition, numerical electromagnetic simulations were performed by employing the DDSCAT7.3 code, which is a freely opensource software package based on the DDA method. 53, 54 In the DDA method, the target nanoparticle is approached as a cubic array of N polarizable dipoles, and its response to an applied light field is described by self-consistently determining the induced dipole moment in each element. DDA has been proved to be a very powerful method for calculating the optical spectra and near-field properties of nanoparticles with arbitrary geometries. 55 In our simulations, HGNS with hole, gold nanoring, and C-shaped gold nanoparticle are originated from the shape transition of HGNS, and these shapes are defined by 8 parameters: DXþ, DXÀ, DYþ, DYÀ, DZþ, DZÀ, the outer radius R, and the shell thickness d. As shown in Fig. 7 , Cshaped gold nanoparticle is used to illustrate the meaning of each model parameter.
It has been reported that N > 10 000 for arbitrary geometry is a good start number, 55, 56 and calculations will be accurate to a percent. In our calculations, a cubic grid was used with the grid spacing of d ¼ 0.5 nm, then HGNS is represented by more than 255 000 point dipoles. Therefore, our calculation based on this model is effective. In addition, the outer radius of the sphere model is 25 nm, and the shell thickness is 5 nm. To investigate the local field enhancement factor of each model, incident field with wavelength from 400 to 1200 nm is used. Fig. 8 shows the local electric field distribution of HGNS, HGNS with hole, gold nanoring, and C-shaped gold nanoparticle. As shown in Fig. 8(a) , the intense local field concentrates around the shell and in the region of the poles, which are parallel to the incident polarization. This type of local electric field distribution indicates that the HGNS presents a symmetric plasmon hybridization mode. 57 Meanwhile, compared to its solid counterpart, intense electric field can also be found in the interior of HGNS which indicates an intra-particle plasmonic coupling. After HGNS changes to HGNS with hole as shown in Fig.  8(b) , intense local field concentrates around the hole which greatly improves the local field enhancement factor of HGNS with hole. At the same time, intra-particle plasmonic coupling is decreased. Fig. 8(c) presents the local electric field distribution of nanoring (HGNS with two holes), intense local field as a consequence of plasmon hybridization of the two hole and intra-particle plasmonic coupling is evidently shown which further increase the maximum of local field factor. Fig. 8(d) , which is similar to Fig. 8(b) in local electric field distribution, shows the largest local field factor. Compared to HGNS with hole, more charges concentrate around the two sharp tips and hot spot occurs between them. Besides, to get 2D slice of local electric field having the largest local field factor, the target model in the DDA method of C-shaped gold nanoparticle was rotated along y axis. As reported by Zhu and Ren, nanocrescent is a kind of novel nanoparticle which has great local field enhancement factor due to its special morphology. 37 They showed that particle plasmon of the silver tip and symmetric plasmon hybridization of the silver shell are the two main factors which contribute to the high SERS activity of nanocrescent. For the similarity of nanocrescent and C-shaped nanoparticles in shape, we postulate that particle plasmon hybridization and intra-particle plasmonic coupling are both contributions of the high SERS activity of C-shaped gold nanoparticles.
IV. CONCLUSION
This work presents the study of reaction products of HGNSs at different pH values and the synthesis of C-shaped gold nanoparticles. According to our experiments, reaction of HGNSs at different pH values can result in gold nanoparticles in different shapes. This study provides a detailed investigation of the reaction process of HGNSs and provides the method to fabricate HGNSs, HGNSs with hole, gold nanorings, and C-shaped gold nanoparticles. These gold nanostructures have many promising applications in which a large local field is needed. For example, C-shaped gold nanoparticles which are the oxidation product of HGNSs at pH value 1.68 have large local electric field and have potential use in biosensing, photonics, etc. Compared to the traditional lithography technology in the preparation of C-shaped gold nanoparticles, this approach is reproducible, inexpensive, and easy to operate. In addition, according to Raman spectra of R6G-absorbed on reaction products of HGNSs, C-shaped gold nanoparticles have been proved to have better SERS activity than HGNSs, HGNSs with hole and gold nanorings as a consequence of the particle plasmon mode and plasmon hybridization of tip-tip and tip-cavity coupling. Finally, a calculation model including four different shapes has been proposed, and the model is used in numerical calculations based on DDA. The results of numerical calculations and the experiments have shown good consistency.
